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The inﬂuences of boron addition on the phase formation, Curie temperature and magnetic entropy
change of the Mn0.95Fe1.05P0.5As0.5 compound have been investigated. All the samples crystallize in the
hexagonal Fe2P-type structure and boron enters into the basal plane as an interstitial element. The Curie
temperatures can be adjusted by varying the boron content. Strong ﬁeld-induced itinerant-electron
meta-magnetic transitions with small hysteresis are observed. With boron addition in small amounts
the giant-magnetocaloric effects are slightly enhanced. This study provides a novel route to tune optimal
working temperatures and improve magnetic properties and magnetocaloric effect.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Magnetic refrigeration is a cooling technology which takes
advantage of the entropy difference between the magnetized and
demagnetized states of magnetic refrigerant materials. It repre-
sents an energy efﬁcient and environmentally friendly alternative
for the vapor-cycle refrigeration technology in use today. Recently
magnetocaloric materials have been intensively investigated, espe-
cially materials undergoing a ﬁrst order magnetic phase transition
[1–5]. The (Mn,Fe)2(P,As) compounds are known for their good
magnetocaloric properties: small thermal hysteresis, high mag-
netic entropy change and large adiabatic temperature changes. An-
other favorable point of this family of compounds is the tunability
of the working temperatures [6]. This is done by changing the
Mn:Fe and/or P:As ratios, thus changing the lattice parameters,
electron concentration and Curie temperatures (TC). However,
small changes in composition result in rather large changes in TC.
Additionally, this often results in slightly changed magnetocaloric
properties, which need to be optimized composition by composi-
tion. It is known that the magnetic and the magnetocaloric proper-
ties can be affected by the application of physical pressure [7,8].
Since physical pressure is an impractical technique for applica-
tions, chemical pressure is often used by the introduction of inter-
stitial elements. Thus, we searched for interstitial elements, which
would play the role of gradually displacing the phase transition
without changing the magnetocaloric properties.-NC-ND license.2. Materials and methods
Polycrystalline Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01,
0.02 and 0.04) were synthesized using a high-energy ball-milling
and solid state reaction. Appropriate proportions of starting mate-
rials, pure Mn chips (purity 99.99%), B pieces (purity 99.9%), red-P
(purity 99.99%), and the binary compounds Fe2P and FeAs2 (purity
99.5%), were ball milled for 7 days under vacuum (about 107
mbar) in a vibrating ball mill. During the milling process solid-state
reactions are initiated through repeated deformation and fracture
of the powder particles. The obtained mixtures were pressed into
tablets and sealed in quartz ampoules under an Ar atmosphere of
200 mbar. All the samples were sintered at 1000 C for 2 h, then
homogenized at 850 C for 20 h and ﬁnally oven-cooled to room
temperature. Powder X-ray diffraction (XRD) was performed in a
PANalytical X’pert Pro diffractometer with Cu Ka radiation, sec-
ondary ﬂat crystal monochromator, and X’celerator real time mul-
tiple strip (RTMS) detector system. The magnetic measurements
were carried out in a Quantum Design MPMS-5XL SQUID magne-
tometer in the temperature range 5–400 K and magnetic ﬁelds
up to 5 T. The magnetic entropy change is derived from isothermal
magnetization measurements using the equationDSmðT;DBÞ ¼
X
i
MðT þ DT=2;BiÞ MðT  DT=2;BiÞ
DT
Bi ð1Þwhere DB is the sum of DBi,M(T + DT/2, Bi) andM(T  DT/2, Bi) rep-
resent the values of the magnetization in a magnetic ﬁeld Bi at tem-
peratures T + DT/2 and T  DT/2, respectively.
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Fig. 1. X-ray diffraction patterns of Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01,
0.02 and 0.04) collected at 250 and 340 K (in ferromagnetic and paramagnetic state
for all the samples, respectively). The arrow indicates the presence of minor
impurity phase MnO.
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Fig. 2. Temperature dependence of magnetization of Mn0.95Fe1.05P0.5As0.5Bx com-
pounds (x = 0, 0.01, 0.02 and 0.04) in a ﬁeld of 0.05 T with temperature increasing
and decreasing.
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It is known that the lattice parameters change discontinuously
during the ﬁrst-order magnetoelastic transition [9–11]. Thus, to
avoid the inﬂuence on the lattice parameters due to the magnetic
phase transition, the powder X-ray diffraction patterns of the
Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) were
collected at both 250 K and 330 K (in the ferromagnetic and para-
magnetic states, respectively, for all the compounds shown in
Fig. 1). The results show that the reﬂections can be identiﬁed with
the hexagonal Fe2P-type phase. There is a minor MnO impurity
phase with a visible peak as indicated by the arrow. Lattice param-
eters have been obtained from careful reﬁnement of the XRD data
by Rietveld reﬁnement [12] using the Fullprof [13] program, the re-
sults are summarized in Table 1. Due to thermal expansion the cell
volume V increases about 0.6% from 250 K to 340 K, the volume
change at TC due to the magnetoelastic transition is less than
0.1%. The boron addition mainly inﬂuences the lattice parameter
a resulting in an increase of 0.2% (at 250 K and 340 K) when
increasing boron concentration from x = 0 to x = 0.04. The lattice
parameter c is rather unaffected by the boron concentration. The
expansion of the lattice volume with increasing boron concentra-
tion, observed in this study, indicates that the boron atoms areTable 1
Variation of lattice parameters a, c, V (volume) and c/a ratio (at 250 and 340 K), Curie tem
under the magnetic ﬁeld change DB = 0  2 T of Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0
and 0.15) from Refs. [12] and [14], respectively, are presented as well.
Compounds a (Å) c (Å) V (Å3)
Mn0.95Fe1.05P0.5As0.5Bx (250 K/340 K) (250 K/340 K) (250 K/340 K)
x = 0 6.178/6.142 3.437/3.498 113.61/114.29
x = 0.01 6.182/6.146 3.436/3.498 113.70/114.46
x = 0.02 6.187/6.151 3.436/3.499 113.88/114.65
x = 0.04 6.190/6.154 3.434/3.498 113.97/114.74
Gadoliniuma
Fe2P1-xBxb
x = 0 5.872 3.442 102.78
x = 0.04 5.897 3.410 102.70
x = 0.08 5.916 3.370 102.14
x = 0.15 5.936 3.325 101.45
a Ref. [12].
b Ref. [14].entering the lattice as an interstitial element rather than a substi-
tutional element. Note, small B atoms replacing P in Fe2P reduce
the unit-cell volume and alter both lattice parameters a and c
[14], as shown in Table 1.
There are several possible Wyckoff positions that may be occu-
pied by B atoms as there are rather large open volumes in the
MnFe(P,As) unit cell. The distinct difference between the response
of lattice parameters a and c suggests that boron, as an interstitial
element, prefers to occupy interstitial sites within the a–b plane.
Thus, negative pressure has been generated due to introduction
of boron as an interstitial atom. Moreover, the negative pressure
is primarily parallel to the basal plane and raises TC. Concerning
the application of pressure, one generally distinguishes hydrostatic
and uniaxial pressures. The effect of both types of pressure on the
parent compound Fe2P has been explored earlier: positive hydro-
static pressure reduces the size of the unit cell, changing the lattice
parameters a and c simultaneously, with the basal plane being
more compressible than the c-axis [15,16]; positive uniaxial stress
on Fe2P single crystal (parallel to the c-axis or perpendicular to the
c-axis) can provide a pressure perpendicular or parallel to the basal
plane, which leads to increase or decrease of TC, respectively [17].
Fig. 2 shows the temperature dependence of the magnetization
of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04)
measured in a ﬁeld of 0.05 T with increasing and followed byperature (TC), maximal isothermal magnetic entropy change (DSM) and the RCP(S)
.01, 0.02 and 0.04). For comparison, some results for Gd and Fe2P1xBx (x = 0, 0.04, 0.08
c/a TC (K) DSM,max (J kg1 K1) RCP(S) (J kg1)
(250 K/340 K)
0.5563/0.5695 290 11.3 131
0.5558/0.5692 295 15.2 146
0.5553/0.5688 301 13.4 149
0.5548/0.5684 305 14.3 162
293 4.2 166
0.5862 216
0.5782 358
0.5695 440
0.5602 528
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Fig. 3. Isothermal magnetization curves of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) measured in vicinity of Tc with increasing and decreasing
magnetic ﬁeld.
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Fig. 4. Arrott plots of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and
0.04) obtained from magnetized isothermal magnetization data measured in the
vicinity of their critical temperatures.
112 Z.Q. Ou et al. / Results in Physics 2 (2012) 110–113decreasing temperature. The small thermal hysteresis, between the
heating and cooling curves, indicates the magnetic transition is of
ﬁrst order, which is accompanied by a large magnetic entropy
change due to latent heat. The thermal hysteresis (DThys) is hardly
inﬂuenced by boron doping and the values are in the order of 1 or
2 K for all compounds. The Curie temperature, derived from M-T
curves, increases about 15 K with increasing boron concentration
from x = 0 to x = 0.04. Note, B substitution in the Fe2P1xBx com-
pounds (x < 0.15) raises rapidly the TC (about 142 K when the B
content increases from 0 up to 0.04) [14].
Magnetic ﬁeld induced phase transitions are at the basis of
giant magnetocaloric effects. For all B concentrations a strong mag-
netic ﬁeld-induced transition with small magnetic hysteresis is ob-
served as depicted in Fig. 3. The magnetic hysteresis is slightly
reduced with increasing boron concentration. The Arrott plot
[18], which is obtained by plotting the magnetization M measured
in the ﬁeld l0H as a function of M2 versus H/M, is an effective tool
to determine the order of the phase transition. Fig. 4 shows the Ar-
rott plots for the Mn0.95Fe1.05P0.5As0.5Bx compounds with x = 0,
0.01, 0.02 and 0.04 in the vicinity of their respective TC’s. The S-
shaped curves conﬁrm the occurrence of a ﬁrst-order magnetic
phase transition (FOMT) in all compounds [19]. However, the S
shape is less pronounced for the compound with higher boron
concentration.
The isothermal magnetic entropy changes derived from the
magnetization data are shown in Fig. 5. A small amount of boron
addition slightly enhances the magnetic entropy change, the values
of maximum magnetic entropy changes in a ﬁeld change of 2 T are
shown in Table 1. The relative cooling power (RCP) [20], a param-
eter which evaluates the magnetic cooling efﬁciency of magnetoc-aloric materials, and the full width at half maximum (dTFWHM)
increases with increasing boron content. This is probably caused
by the widening of dTFWHM due to the less pronounced FOMT for
the higher boron content compounds.
The competition between the intra-layer (a–b plane) and the in-
ter-layer (parallel to c-axis) exchange interactions can be stated as
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Fig. 5. Isothermal magnetic entropy changes of the Mn0.95Fe1.05P0.5As0.5Bx com-
pounds (x = 0, 0.01, 0.02 and 0.04) in a ﬁeld change of 2 T.
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[7,8,14,21]. Uniaxial pressure/stress studies on the parent com-
pound Fe2P show that, a change on either lattice parameter a or
c will alter the Curie temperature: it increases with applying ck
stress, while decreases with applying c? stress [17]. While positive
hydrostatic pressure contracts both lattice parameters simulta-
neously, the change of Curie temperature is associated with a
change of both a and c (most likely c/a) rather than to a change
of the individual lattice parameters. It is claimed that the strongest
ferromagnetic exchange interactions are the ones between the dif-
ferent nearest neighbor 3g intra-plane atoms and affected the most
by the c/a ratio, while the ferromagnetic exchange interactions be-
tween the inter-layer (3g–3f sites) are less affected by the c/a ratio
[11,21]. In other words, a change of the c/a value will cause a shift
of TC. In the case of hydrostatic positive pressure in Fe2P, a is much
more compressible and goes down much faster than c, thus
decreasing c/a and resulting in a decrease of TC [22]. If the value
of c/a remains constant, a constant TC would be expected. In our
study, the boron doping expands the a–b plane, having little inﬂu-
ence on the lattice parameter c, which makes the c/a ratio decrease,
resulting in the upward shift of TC.
4. Conclusion
The (Mn,Fe)2(P,As)Bx compounds (x = 0, 0.01, 0.02 and 0.04)
crystallize in the hexagonal Fe2P-type structure and boron atomsoccupy interstitial sites within the basal plane. First order mag-
netoelastic phase-transitions with small thermal and magnetic
hysteresis are observed in all these compounds. The ordering tem-
peratures are increased by boron addition. The optimal working
temperatures can be ﬁnely adjusted by varying the boron content
without losing the good magnetocaloric properties. Both the max-
imal magnetic entropy changes and the RCP are slightly enhanced
for all boron concentrations. All these features make boron addi-
tion a good tool to tune and improve magnetic and magnetocaloric
properties in (Mn,Fe)2(P,As) compounds.
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